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iC–TiB2 composite
a  b  s  t r  a  c  t
A series  of solidiﬁed  TiC–TiB2 were  fabricated  by  combustion  synthesis  integrated  with  ultra high  grav-
ity,  and  the  ceramics  were  comprised  of TiB2 primary  phases,  irregular  TiC secondary  phases,  a  few  of
Al2O3 inclusions  and  Cr-based  metallic  phases.  Obviously,  the  increased  high  gravity  ﬁeld promoted  phase
separation  of Al2O3 droplets  from  the  molten  reaction  products,  which  resulted  in  not  only  the  rapidly
reduced  Al2O3 inclusions  but  also  the  reﬁned  microstructure  and the  improved  homogeneity.  When  high
gravity  acceleration  reached  2500  g, the  ultraﬁne-grained  microstructure  with  the  average  thickness  of
TiB2 platelets  smaller  than 1 m was  achieved.  More  and  more  ﬁne  TiB2 platelets  with  aspect  ratio  oficrostructure modiﬁcation
racture behavior
elf-toughening
4–6  participated  in  the  toughening  mechanism  of crack  bridging  and  subsequent  pullout,  the  maximum
fracture  toughness  could  amount  to 16.5 ± 1.0 MPa  m0.5. Because  of  rapidly  reduced  Al2O3 inclusions,  the
reﬁned  microstructure  and  the  improved  homogeneity  were  obtained  in the near  full-density  compos-
ite,  the  maximum  ﬂexural  strength  of  982  ± 20 MPa  was  also  simultaneously  achieved  in the  solidiﬁed
TiC–TiB2 composite  at  2500  g.
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v. Introduction
TiC–TiB2 ceramic, which is of high hardness, high melting
emperature, excellent corrosion resistance, good thermal shock
esistance as well as excellent temperature stability, has attracted
ore and more attention. Generally speaking, TiC–TiB2 ceramic
omposite has become the promising candidate for cutting tools,
ear proof parts, forming dies and light-weight armor component,
specially for high-temperature structural components of aircraft
ropulsion systems, thermal protection systems of space vehicle
nd nuclear fusion reactor [1–4].
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However, TiC–TiB2 composites have been limited in engineering
pplication due to their high cost and low mechanical properties,
ecause the fabrication of TiC–TiB2 composites with full density
equires long exposures at high sintering or hot-pressing tem-
erature, as inevitably leads to the abnormal growth of TiB2 and
iC grains which will severely exacerbate the mechanical prop-
rties (especially the strength and fracture toughness at room
emperature) of the materials. High sintering temperature involv-
ng in the materials makes it impossible for the known toughening
echanisms of the ceramics, such as transformation toughening
nd ﬁber-reinforced toughening, to be employed in the current
iC–TiB2 composites, resulting in the face that the fracture tough-
ess of the materials is usually smaller than 8.0 MPa  m0.5 [1].
Combustion synthesis has been widely used for preparing a
ariety of refractory and hard materials, meanwhile, many ceram-
cs and the corresponding composites, including carbide, boride,
itride, and oxynitride also have been fabricated by combustion
ynthesis [5–8]. The combustion synthesis with simultaneous den-
iﬁcation was carried out to fabricate bulk refractory and hard
aterials of nearly full density. The simultaneous densiﬁcation can
e achieved in different ways, such as uniaxial hot-pressing, iso-
tatic hot-pressing, spark plasma sintering, extrusion processing
nd so on [1]. Compared with high-pressure-assisted combustion
ynthesis, a novel and economical operation, named combustion
ynthesis in high-gravity ﬁeld has been applied to prepare bulk
olidiﬁed TiC–TiB2 composite [9,10] with high hardness. In early
eports [11], the bulk solidiﬁed TiC–TiB2 with a series of TiB2 mole
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ontent were prepared by combustion synthesis in high-gravity
eld of 300 g (where g represents the gravitational acceleration),
nd the eutectic composite was determined as TiC–50 mol%TiB2
or the achievement of ultraﬁne-grained microstructure, thereby
chieving the highest strength of the solidiﬁed materials with
he moderate fracture toughness. In contrast, the maximum frac-
ure toughness could be achieved in TiC–66.7 mol%TiB2 due to
he presence of enhanced self-toughening mechanisms, includ-
ng crack deﬂection, crack bridging and pullout induced by more
iB2 platelets. It is just because of the uncompleted separation of
iC–TiB2 liquid and Al2O3 liquid in high gravity ﬁeld of low accel-
ration that some Al2O3 inclusions and the coarsed TiB2 grains will
emain in the solidiﬁed composite, which will seriously deteriorate
he ﬂexural strength of the materials. Therefore, the strengthening
nd toughening cannot be achieved simultaneously in the current
olidiﬁed TiC–TiB2 composite.
Based on the high acceleration of high-gravity ﬁeld of 2500 g, the
aper will focus on a series of the solidiﬁed TiC–TiB2 composites
repared by combustion synthesis in high-gravity ﬁeld, and discuss
he correlations of microstructure modiﬁcation, fracture behavior
nd toughening mechanisms of the material.
. Experimental
High purity (>99.9%) CrO3 with particle size 30–63 m and com-
ercial purity (>97%) Al powder with particle size of in 43–61 m
ere used in this experiment, while commercial purity (>97%) B4C
owder with particle size <3 m and high purity (>99%) Ti powder
ith particle size <34 m were used too. The molar ratio (3Ti + B4C)
as chosen as the starting composition according to Eq. (1), and
hen, the composition of the solidiﬁed TiC–TiB2 composite was
etermined as TiC–66.7 mol%TiB2. In order to ensure full-liquid
roducts after combustion reaction, 50 wt% (CrO3 + 2Al) subsys-
em was added as the activators to ensure the high combustion
emperature based on Eq. (2).
Ti + B4C → 2TiB2 + TiC (1)
rO3 + 2Al → Al2O3 + Cr + 1094 kJ (2)
After mixing the above powder, graphite crucibles were ﬁlled
ith the reactive mixtures at constant pressure and inserted into
wo combustion chambers at the end of the rotating arms of
he centrifugal machine. The combustion systems were ignited
y the energized W wire (diameter of 0.5 mm)  after the cen-
rifugal machine had provided a high-gravity acceleration up to
00 g, 1500 g and 2500 g, respectively. As the combustion cham-
ers were cooled to ambient temperature, the centrifugal machine
as stopped and the crucibles were taken out of the combustion
hambers. Finally, a series of ceramic discs with 150 mm in diam-
ter and 20 mm in thickness were obtained in succession after the
amples were taken out of the crucibles and the oxide slag at the
op of the sample was eliminated by grinding.
The ceramic discs were cut and ground into the rectangular
ars measuring 3 mm (width) × 4 mm (height) × 36 mm (length) to
etermine the ﬂexural strength. The ﬂexural strength was mea-
ured by the three-point bending method with a cross-head speed
f 0.5 mm min0.5 and a span of 30 mm.  The indentation test was
onducted for a loading time of 15 s and a load scale of 196 N to
etermine the hardness and fracture toughness of the ceramic com-
osites. The density of ceramic was determined by Archimedes
rinciple. The hardness of the ceramic was measured using Vick-
rs hardness tester (HV5). The phase composition, microstructures
nd fracture morphology of the composites were determined by
-ray diffractometry (XRD) and ﬁeld emission scanning electron
i
e
h
Tig. 1. XRD patterns of solidiﬁed TiC–TiB2 composite (a) 500 g, (b) 1500 g, and (c)
500 g.
icroscopy (FESEM), respectively. Electron probe microanalysis
EPMA) was conducted by energy dispersive spectrometry (EDS).
. Results and discussion
The XRD patterns of the samples showed that the ceramics were
ainly composed of TiB2, TiC and a few of -Al2O3 inclusions and Cr
etallic phases. According to the diffraction intensity from the high
alue to the low one, three crystal planes of TiC were determined
s (1 1 1), (2 0 0) and (2 2 0), whereas three crystal planes of TiB2
ere determined as (1 0 1), (1 0 0) and (1 1 0), successively, as is
hown in Fig. 1. Meanwhile, -Al2O3 inclusions decreased greatly
n the ceramic while high gravity acceleration increased, and three
dentiﬁed diffraction peaks of -Al2O3 were difﬁcult to completely
etect when high gravity acceleration reached 2500 g.
FESEM images and EDS results showed that a large number of
andomly riented ﬁne TiB2 platelets were uniformly embedded
n the irregular TiC grains, and Cr metallic phases were located
etween TiC and TiB2 crystals, whereas a few of -Al2O3 inclusions
ere also observed. Meanwhile, with the high gravity accelera-
ion increased, volume fraction of -Al2O3 inclusions decreased
reatly, as shown in Fig. 2, and the result proved in correspon-
ence with the XRD patterns (as is shown in Fig. 1). At the same
ime, the microstructure of the solidiﬁed ceramic was reﬁned, and
he ultraﬁne-grained microstructure (characterized by the aver-
ge thickness of TiB2 platelets smaller than 1 m)  was presented
s the acceleration in high-gravity ﬁeld amounted to 2500 g, as
s shown in Fig. 3. Therefore, it was  considered that the homo-
eneity of the microstructure was  obviously improved with the
igh gravity acceleration increased. By referring to the literature
12], it is considered that the improved homogeneity in solidiﬁed
icrostructure results from enhanced Stokes ﬂow in immiscible
elt of liquid TiC–TiB2 and liquid Al2O3 (induced by the increased
igh-gravity acceleration), i.e. enhanced Stockes ﬂow not only pro-
otes more Al2O3 droplets to ﬂoat up rapidly, but also brings about
nhanced constitutional uniformity in TiC–TiB2 liquid.
Relative density (/0, 0 means the theoretical density of
iC–TiB2 without Al2O3 phases), Vickers Hardness (Hv), ﬂexural
trength (f ) and fracture toughness (KIc) of TiC–TiB2 composites
repared under different high-gravity acceleration were shown
n Table 1, and they increased with the high gravity acceleration
ncreased. So it was  considered that increasing high gravity accel-
ration could yield clearly the improvement in the microstructure
omogeneity, thereby greatly upgrading the properties of solidiﬁed
iC–TiB2.
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Fig. 2. -Al2O3 inclusions in TiC–TiB2 composite prepared in high-gravity ﬁeld of different acceleration (a) 500 g, (b) 1500 g, and (c) 2500 g.
Fig. 3. FESEM microstructure of TiC-TiB2 composite prepared in high-grav
Table 1
Properties of TiC-TiB2 composites prepared in high-gravity ﬁeld of different
acceleration.
Properties 500 g 1500 g 2500 g
/0 [%] 89.2 97.6 99.2
Hv  [GPa] 11.5 ± 2.1 15.8 ± 1.5 18.5 ± 1.0
t
i
i
e
a
e
a

o
k
T
a
w
d
-Al O inclusion meets the crack, it is prone to pulverization due
F
1f [MPa] 289 ± 56 460 ± 30 982 ± 20
KIc [MPa m0.5] 4.0 ± 1.5 8.8 ± 1.2 16.5 ± 1.0
FESEM images showed that there was a mixed fracture mode of
he pulverization in -Al2O3 crystallites, the transgranular fracture
n TiC grains and the intergranular fracture along TiB2 platelets, as
s shown in Fig. 4. Just as what is shown in Fig. 2, lots of coars-
ned -Al2O3 inclusions remain in solidiﬁed TiC–TiB2 composite
t
T
b
ig. 4. Fracture modes of TiC–TiB2 composites prepared in high-gravity ﬁeld of different
500  g, and (c) intergranular fracture, 2500 g.ity ﬁeld of different acceleration (a) 500 g, (b) 1500 g, and (c) 2500 g.
fter the materials are prepared in high-gravity ﬁeld of the accel-
ration less than 1500 g, and a majority of shrinkage cavities are
lso enriched in the inside or along the boundaries of coarsened
-Al2O3 inclusions, as is shown in Fig. 2(a) and (b). As a matter
f fact, the coarsened -Al2O3 inclusion in TiC–TiB2 should be a
ind of irregular and imperfect crystals rather than a single crystal.
he -Al2O3 inclusions will be a lethal defect in the toughening
nd reinforcing and have not any resistance to crack propagation,
hich not only seriously affects the densiﬁcation but also greatly
amages mechanical properties of the ceramic. In other words, as2 3
o its low strength, low elastic modulus and poor wettability with
iC–TiB2 matrix, which will rapidly develop into a large hole and
ecome a crack source after it desquamates from the fracture plane.
 acceleration (a) pulverization in -Al2O3, 1500 g, (b) transgranular fracture in TiC,
 Ceramic Societies 2 (2014) 144–149 147
A
c
s
t
m
c
r
T
T
b
w
t
i
a
s
b
c
p
o
m
F
t
t
t
t
c
i
A
t
i
e
P
m
c
I
s
c
c
t
t
e
t
T
a
k
s
a
t
t
t
i
t
a
g
[
e
i
i
d
w
a
p
f
o
(
o
f
a
p
l
p
t
t
t
i
c
t
p
l
l
a
toughen the ceramic, which include the interaction of crack tip
and the microstructures (such as crack deﬂection, meandering
and bowing), zone shielding (such as dislocation, microcrackingX. Huang et al. / Journal of Asian
s is shown in Fig. 4(a), the fragmentation of crystallites makes the
rack propagate easily in the ceramic.
Although remarkable fracture takes place in TiC grains, as is
hown in Fig. 4, fracture behavior of TiC is completely different from
he pulverization of -Al2O3 inclusions. Rowcliffe [13] have deter-
ined the slid set of TiC at ambient temperature as 110 × (110)
ontaining six independent slid systems; then, Lengauer [14] have
eported that the ductile-to-brittle transformation temperature of
iC measures to be around 800 ◦C, while plastic deformation of
iC usually occurs around 1000 ◦C, and the yield stress of TiC has
een demonstrated to follow the Hall-Petch relation. It means that
hen the temperature rises up to 1000 ◦C or even above, one of
he six independent slid systems of TiC will be initiated, thereby
nitiating plastic deformation of the carbide. However, due to the
bsence of dislocation migration at room temperature, none of the
ix independent slid systems in TiC can be initiated inherently, so
rittle fracture has to happen under tensile loading, i.e. stress con-
entration around or inside TiC grains induces the microcrack to
ropagate at speciﬁc crystal plane and in preferential orientation
f TiC (any of the six independent slid systems in TiC), so fracture
ode of TiC always presents a cleavage fracture, as is shown in
ig. 4(b). Meanwhile, according to the literature [15], the critical cri-
erion inducing the cracking of the carbide is shown in Eq. (3), and
he smaller size of TiC grains needs the larger critical shear stress
o induce the cracking of TiC grains, thereby providing higher resis-
ance to cleavage fracture of the carbide, so ﬁne grains of TiC are
onsidered to have the resistance to crack propagation by increas-
ng fracture surface energy, which is different from the coarsened
l2O3 inclusions in fracture behavior discussed above.
f − ti≥
[
4Egc
p(1 − u2)d
]1/2
(3)
n which tf − ti is the effective critical shear stress, c is the surface
nergy of the carbide, E is the elastic modulus of the carbide, v is
oisson’s ratio, d is the diameter of carbide grain.
For TiB2 platelet, its fracture behavior is dependent on its geo-
etrical characteristic size (thickness and aspect ratio) which is
ompletely controlled by the direct growth of TiB2 from the melt.
t is learned from early reports [10] that applying combustion
ynthesis in high gravity ﬁeld to prepare the solidiﬁed TiC–TiB2
omposites involves three stages: formation of immiscible liquids
onsisting of TiC–TiB2–Me  (Me  stands for the reduced metal from
he thermit) liquid and oxide liquid following thermit reaction and
he decomposition of B4C during the ﬁrst stage; formation of a lay-
red melt in a high gravity ﬁeld due to Stocks migration between
he immiscible liquids during the second stage; the formation of
iC–TiB2 solidiﬁcation microstructures due to rapid growth of TiC
nd TiB2 solid from liquid TiC–TiB2 during the third stage. It is
nown that TiB2 has a hexagonal AlB2-type structure of a P6/mmm
pace group [16], so the hexagonal symmetry of TiB2 imposes the
nisotropy in crystallography, which makes TiB2 crystal grow at
he speciﬁc crystal plane and in the preferred crystal orientation,
hereby presenting the morphology of TiB2 solid in the form of
he hexagonal platelet with the aspect ratio of 4–6, as is shown
n Fig. 4(c).
Compared with other phases such as TiC and Cr, TiB2 phase in
he current composite presents both the highest elastic modulus
nd the highest volume fraction. More importantly, quasi-eutectic
rowth of TiB2–TiC system is demonstrated in some reports
17–21]; however, because TiC–66.7 mol%TiB2 prepared in current
xperiment belongs to the hypereutectic ceramic, TiB2 and TiC, act-
ng respectively as the primary phase and the second phase, grow
ndependently from liquid TiB2–TiC–Me, i.e. TiB2 and TiC grow
irectly from the melt without perfectly aligned lattices producingFig. 5. FESEM image of crack deﬂection around TiB2 platelet, 1500 g.
ell-deﬁned interface planes between two crystals, so the bound-
ry of TiB2 platelet is in fact the solidiﬁed surface of the faceted
hase where a number of crystal plane defects are stacked. There-
ore, high elastic modulus (meaning high strain energy release rate
f TiB2 during fracture) and the solidiﬁed surface of TiB2 platelet
meaning mismatch incoherent interface between TiB2 and the
thers) make its interface debonding energy far smaller than its
racture energy, thereby initiating crack deﬂection, crack bridging
nd subsequent pullout through intergranular fracture along TiB2
latelets.
As the crack meets ﬁne TiB2 platelets of high elastic modu-
us, it has to propagate at the debonded interface around ﬁne TiB2
latelets, thereby making the crack plane fail to be perpendicular
o the direction of the loading stress. Increasing the loading stress
o enhance stress intensity around the crack tip, the crack can con-
inue to propagate, so toughening mechanism by crack deﬂection
s initiated, as is shown in Fig. 5. Subsequently, interface debonding
ontinues to take place at the boundaries of TiB2 platelets in crack-
ip wake, thereby developing the secondary microcracks along TiB2
hases in crack-tip wake, so crack bridging with frictional inter-
ocking is initiated, and goes on to develop until short pull-out
ength of ﬁne TiB2 platelet is accomplished, as is shown in Fig. 6.
Sakai [22] has considered that various microfracture mech-
nisms have been used to shield the crack tip in order toFig. 6. FESEM image of crack bridging and pullout by TiB2 platelets, 2500 g.
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a) lack of interfacial debonding (b) short interfacial debonding length.
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cFig. 7. Failure of the TiB2 platelet during crack bridging, 2500 g (
nd stress-induced transformation) and contact shielding (such
s crack bridging and interlocking). Because out-of-plane crack
eﬂections are limited in distance and angle as they progress from
he original Mode I crack-plane projection of linear elastic frac-
ure mechanic, crack deﬂections are on the scale of the grain size,
nd has to be associated with the interfacial debonding process
23], as is shown in Fig. 5. Therefore, due to the absence of cumu-
ative nature in fracture energy during crack propagation, crack
eﬂection is not considered to present an rising R-curve for brittle
aterials, thereby making a limited contribution to the toughening
f the ceramic [22]. In contrast, because of continuous interfacial
ebonding, the stress and resultant strain imposed on the bridging
latelet are no longer located in the region between the main crack
urfaces. Thus, a greater crack-opening displacement is achieved
ithin the bridging zone, and a closure stress is simultaneously
mposed on the crack. As a result, the stress concentration around
rack tip is relieved, and the greater resistance to crack propagation
s presented. Consequently, crack bridging and subsequent pull-
ut are considered to present an increasing or rising R-curve of
rack propagation [22], and can make a greater contribution to the
oughening of the ceramic. However, lack of interfacial debond-
ng or short debonding length causes the stress imposed on the
latelet to immediately reach its fracture strength. As a result, the
ailure of the platelet takes place at once(as is shown in Fig. 7), so
nterfacial debonding between the TiB2 platelet and the others is
onsidered to be one of the critical factors in achieving both crack
ridging and subsequent pull-out. As discussed above, increasing
igh gravity acceleration brings about the reﬁned microstructure
f TiB2 platelets as the matrix, and contributes to the improved
omogeneity due to the absence of abnormal growth of TiB2 pri-
ary phases. As high gravity acceleration reached 2500 g, FESEM
ractographs demonstrate a whole of ultraﬁne TiB2 platelets almost
ccomplish a nearly full pullout process (as is shown in Fig. 8), mak-
ng it possible the maximum contribution to the toughening of the
eramic.
Becher [23] have considered that the toughening behavior of
rack bridging caused by non-cubic matrix grains is analogous to
hat of the whisker reinforcement, i.e. the additional energy con-
umed by the bridging zone is deﬁned as the product of the bridging
tress and crack-opening displacement. Based on the energy dissi-
ation/energy balance approach, the increment in strain energy
elease rate due to crack bridging by TiB2 platelets is described as
q. (4). Assuming that one-half of the platelets must be pulled out
o disrupt a platelet, contribution in its toughening made from the
ulling-out of the ﬁne TiB2 platelets is illustrated in Figs. 7 and 8.
eanwhile, based on Eqs. (4) and (5), the relative contribution
i
p
u
wig. 8. FESEM fractogrphies of the solidiﬁed TiC–TiB2 composite prepared under
igh  gravity acceleration of 2500 g.
btained from the pulling-out versus that from frictional bridging
an be determined(as shown in Eq. (7)).
Jfb =
Afbr(l
f
)
3
6Eli
=
Afb(1
f
)
2
ldb
3El
(4)
Jpo = Apoi
(
lpo
r
)
lpo = Apoir
(
lpo
r
)2
(5)
Kpo = (E
cApoir)
1/2lpo
r
(6)
Jpo
Jfb
= 3 l
po
r
iE
l
(l
f
)
2
Vpo
Vfb
lpo
ldb
(7)
here Jfb is the increment in energy consumption due to crack
ridging by using the J-integral approach, Afb is the fraction of
ridging platelets, r is the radius of the bridging ligament, sl
f
is the
aximum frictional bridging stress in the ligament, El is the elastic
odulus of the ligament, i is the frictional shear resistance, ldb is
he interfacial debonding length, Jpo is the increment in energy
onsumption due to pull-out by using the J-integral approach, Ecs the elastic modulus of the composite, Apo is the areal fraction of
ullouts, lpo is the pullout length of the ligament, Vpo and Vfb is vol-
me  fraction of bridging and pullout in the ligaments respectively,
hich approximates Afb and Apo for long, aligned reinforcements.
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As can be seen in Eqs. (4)–(7), although the extent of pullout
i.e. the pullout length) is quite limited because of both the short
ength of TiB2 platelets and the compressive stress applied by other
hases (such as TiC and Cr metallic phases), pullout can not be
gnored because even short pullout will contribute to the toughness
chieved. Meanwhile, supposing that there exist the achievement
f small thickness r of the platelet, high volume fraction Vpo of
he platelet accomplishing the pullout and large pullout length
po, the contribution to the toughness from pull-out rather than
rictional bridging increases, the cooperative toughening is remark-
bly enhanced, and ﬁnally resulting in the maximum increment in
racture toughness of the ceramic.
As what is discussed above, the increasing high gravity accel-
ration brings about the enhanced Stokes ﬂow in mixed molten
roducts of TiC–TiB2–Me  and Al2O3 [24] (as shown in Eq. (8)),
hereby making Al2O3 inclusions decrease rapidly by promoting
oat-up of liquid Al2O3 and settle-down of liquid TiC–TiB2–Me,
o the fatal defects of the shrinkage cavities in or around Al2O3
nclusions have to be reduced correspondingly. Meanwhile, the
onstitutional distribution in TiC–TiB2–Me  liquid becomes more
nd more uniform due to the enhanced Stokes ﬂow, and the growth
elocity of each TiB2 primary phase tends to be the same one, so
he abnormal growth of some TiB2 platelets is weakened until it is
liminated, thereby achieving the reﬁned microstructure (charac-
erized by the thickness and the aspect ratio of TiB2 platelets) and
he improved homogeneity in the composite. Therefore, the modi-
cation in the microstructure inevitably results in the remarkable
hange in fracture mechanic of the materials. Because of the reﬁned
icrostructure and the improved homogeneity, the thickness of
iB2 platelets greatly decreases while their aspect ratios nearly
emain unchanged, and the size and distribution of TiB2 platelets
lso become more uniform in the ceramic. Thus, more and more
ne TiB2 platelets participate in crack bridging and subsequent
ullout, thereby increasing volume fraction of both bridging and
ullout TiB2 platelets. More importantly, because of the reduced
hickness and the improved size distribution of TiB2 platelets, the
ontribution of the pullout of TiB2 platelets to toughening ceramic
s greatly increased. Since high gravity acceleration has reached
500 g, as a result, a whole of ﬁne TiB2 platelets almost accomplish
he pullout process(as shown in Fig. 8), and the maximum fracture
oughness of 16.5 ± 1.0 MPa  m0.5 is achieved. Meanwhile, due to
he rapidly reduced Al2O3 inclusion, the reﬁned microstructure,
he improved homogeneity and the highest fracture toughness
chieved in near-full-density composite, the maximum ﬂexural
trength of 982 ± 20 MPa  is also simultaneously achieved in the
urrent solidiﬁed TiC–TiB2 composite.
 = x · g · (d − l) · dd
9
(8)
here v represents the ﬂoating velocity of Al2O3 droplets in
iC–TiB2–Me  liquid, x represents the acceleration coefﬁcient
f high gravity ﬁeld, g represents the acceleration in gravity
9.8 m s−2), d and l represent the density of Al2O3 droplet and
iC–TiB2–Me  liquid respectively, and dd represents the size (or
iameter) of Al2O3 droplet, and  represents the kinetic viscosity
f TiC–TiB2–Me  liquid.
. Conclusions
It is illustrated in the thesis that a series of solidiﬁed TiC–TiB2
re prepared by combustion synthesis in high gravity ﬁeld with
he increased high gravity acceleration, and the correlations
f relevant microstructure modiﬁcation, fracture behavior and
elf-toughening mechanisms of the materials. XRD, FESEM and
[
[
[
[ic Societies 2 (2014) 144–149 149
DS results show that the ceramic was comprised of TiB2 pri-
ary phases, irregular TiC secondary phases and a few of Al2O3
nclusions and Cr-based metallic phases. Increasing high gravity
cceleration brought about the rapidly reduced Al2O3 inclusions,
he reﬁned microstructure and the improved homogeneity in the
olidiﬁed composite. As high gravity acceleration reached 2500 g,
he ultraﬁne-grained microstructure with the average thickness of
iB2 platelets smaller than 1 m was achieved. FESEM fractography
howed that fracture mode of the ceramic presented a remarkable
ulverization in Al2O3 inclusions and transgranular in TiC grains
s well as the intergranular fracture in the boundaries of TiB2
latelets; however, the fracture behavior of each phase is differ-
nt from each other. Because of low strength and poor wettability
f Al2O3 inclusions to TiC–TiB2 matrix with shrinkage cavities in
r around the inclusions, Al2O3 inclusions tended to develop the
arge crack sources, so Al2O3 inclusions were considered to be elim-
nated as much as possible. Fine TiC grain had certain resistance to
rack propagation due to the increase of fracture surface energy
nd presented a classic cleavage fracture behavior, so TiC grains
hould be controlled in size as ﬁnely as possible. Due to interfacial
ebonding energy far smaller than fracture energy of TiB2 platelet,
nterfacial debonding partially occured during crack growth, the
rack deﬂection, frictional bridging and subsequent pullout of
iB2 platelet were initiated during intergranualr fracture along
iB2 platelets. Since increasing high gravity acceleration could
nduce the rapidly reduced Al2O3 inclusions, the greatly reﬁned
icrostructure and obviously improved homogeneity in current
olidiﬁed composite, more and more ﬁne TiB2 platelets could par-
icipate in crack bridging and subsequent pullout, so the enhanced
oughening mechanisms were presented during crack propagation.
s high gravity acceleration reached 2500 g, a whole of ﬁne TiB2
latelets in the ceramic almost accomplished the pullout process,
o the maximum fracture toughness of 16.5 ± 1.0 MPa  m0.5 was
chieved. Meanwhile, due to the rapidly reduced Al2O3 inclusions,
he reﬁned microstructure, the improved homogeneity and the
ighest fracture toughness achieved in current solidiﬁed ceramic,
he maximum ﬂexural strength of 982 ± 20 MPa  was also simulta-
eously achieved in the nearly full-density composite of TiC–TiB2.
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